be w ays o f settin g up th e m achine a t th e o u tset, a n d e x tra ctin g th e final answ er in usable form .
A m ong th e m an y respeqts in w hich real m achines a n d real routines will differ from th e ideally sim plified one I h ave so briefly sketched, th ere are tw o to w hich some reference should be m ade. On m ost m achines th e houses will n o t be connected d irectly to th e adder, etc., doing a n o peration. T he contents will first be copied on to som e sta tic device, such as a set of trigger circuits (leaving th e original in ta c t), a n d th e operations will b e .d o n e from th is copy; th e answ er will also first a p p ear on triggers, a n d m ay th e n be copied in to a storage. This m eans th a t th ere is less p ractical difference th a n m ig h t a p p e ar betw een th e arrangem ents in w hich tw o or th re e houses are designated in each sep arate order, a n d those th a t m ention' only one house.
A m a tte r w hich affects b o th routines a n d m achines is th e problem of so-called ' rounding-off e rro rs '. I t is clear th a t th e a rith m etic operations of w hich th e m achine is capable are only approxim ations to th e tru e solution of, say, a set of p a rtia l differential equations. B u t a fte r th is has been allowed for, th e m achine still cannot do accu rately even th e a rith m etic operations it is capable of, because, for exam ple, th e ex act m ultiplication o f tw o w-figure num bers gives a 2w-figure num ber, a n d so a t som e stage p a rt of th e resu lt has to be throw n aw ay, W hen th is is done rep eated ly an ever-increasing stre tc h of th e answ ers becom e unreliable, a n d th e tru e answ er is liable to be com pletely engulfed if th e num ber of operations is large a n d precautions are n o t tak en . This question w as entirely ignored in th e square-rooting process given above. A genuine ro u tin e for finding th e m axim um possible-num ber of reliable figures of *Ja a n d th e n stopping w ould be a good deal m ore com plicated. The problem th a t arise in th is connexion are so difficult to answ er w ith certain ty th a t am ong rival procedures for evaluating a function, one for w hich th e error is easily controlled is m uch m ore highly valued th a n m ore rap id ly convergent processes of problem atic cum ulative error. These questions have been a tta ck e d , w ith special reference to m atrix-inversion, b y J o h n von N eum ann & H . H . G oldstine (1947), a n d also by A. M. T uring (to a p p e ar shortly). A th ird very im p o rta n t m a tte r w hich I have n o t m entioned is th e problem of checking. T racking th e causes o f errors in m achine-operation, w hich m ay be due eith er to fau lty instructions or to m achine failure, is a problem w hich m u st be tre a te d as seriously as th a t of perform ing th e arith m etic operations them selves, if inordinate delays a re to be avoided. I t is a m a tte r w hich has to be borne in m ind a t all stages in th e design of th e m achine. I w ould like to give a description of th e high-speed electronic digital calculating m achine now in an advanced stage of construction in th e U niversity M athem atical L ab o rato ry , Cam bridge, a n d know n as th e ED SAC (Electronic D elay Storage A utom atic Calculator). Before doing this I will set fo rth some of th e considerations underlying its design. I t will be realized t h a t th e p o te n tia l pow er o f electronic dig ital com puting m achines is very great, a n d t h a t th e y are likely to h av e a far-reaching effect on c e rtain fields o f scientific research. I t is, for exam ple, often possible to w rite dow n th e m ath e m a tic a l equations governing a situ a tio n b u t n o t possible to tr e a t th e m an aly tically . I f a n y progress is to be m ade in th ese ca^es i t m u st be b y a d ire c t num erical a tta c k on th e fu n d am en tal equations. T h ere h ave in rec e n t y ears been a n u m b er o f exam ples o f th is m ethod. I m ig h t m en tio n P rofessor H a rtre e 's w ork on self-consistent fields a n d P rofessor S outhw ell's re la x a tio n m ethods. I n b o th cases th e eq u atio n s expressing th e physical law s a p p ro p ria te to th e problem a re w ritte n dow n a n d a n ap p ro x im ate num erical solution so ught w ith o u t a n y in terv en in g analysis o f th e conventional ty p e . T his k in d o f m eth o d is in principle of w ide ap p licatio n a n d pow er, a n d th e reason w hy it has n o t been m ore generally ap plied is th a t th e lab o u r o f carry in g o u t th e necessary num erical processes is to o g rea t.
I t is th ro u g h w ork o f th is ty p e t h a t m achines like th e ED SA C will h ave th e ir m o st im p o rta n t influence on scientific advance. M uch m a th e m a tic a l w ork will, how ever, be necessary for each a n d ev ery problem u n d e rta k e n in order to reduce i t to a form in w hich d ig ital c o m p u ta tio n is possible. T h e techniques used in con ju n ctio n w ith electronic m achines will be o f th e sam e k in d as th o se used in o rd in a ry co m p u tatio n ; a n exam ple is th e use o f finite differences in ste a d o f d erivatives. I n th is resp ect dig ital m achines m ay be c o n tra ste d w ith analogue m achines w hich in tro d u ce special techniques o f th e ir own. These techniques a re to be reg ard ed in a sense as side shoots from th e m ain grow th o f num erical analysis.
T he field of ap p licatio n o f electronic machines-w hich I h ave described m ay be distinguished from a n o th e r m ore obvious one, nam ely, th e perform ance on a larg er scale o f w ork w hich is a t th e m o m en t done b y h u m an com puters. T h e o rd in a ry ru n o f w ork u n d e rta k e n in a n y m ath e m a tic a l com puting organization falls in to th is class, as also does th e ta b u la tio n o f m ath e m a tic a l functions for p ublication.
A lthough m uch m ath e m a tic a l w ork w ill often be necessary to reduce problem s to a form suitable for solution on a n electronic m achine it does n o t u n fo rtu n a te ly seem possible to do v e ry m uch p relim in ary work, before a m achine is available. I t is tru e th a t som e ex p loration of th e possibilities m a y be m ade by p rogram m ing problem s on p a p e r for a h y p o th etic a l m achine, b u t such w ork is soon found to pose m ore questions th a n it answ ers-questions w hich can n o t be answ ered u n til a m achine is available.
I t w as in order to be in a position to in itia te a program m e o f w ork o f th e k in d described above t h a t th e p ro je c t of building a m achine in th e U n iv e rsity M ath e m atical L a b o rato ry was s ta rte d .
Description of the ED SAG
P relim inary design w ork for th e ED SA C was s ta rte d in N ovem ber 1946 sh o rtly a fte r I h a d re tu rn ed from a visit to th e U n ited S tates, w here I w as fo rtu n a te in being able to a tte n d th e la tte r p a r t of a course on electronic com puting m achines a t th e Moore School of E lectrical E ngineering, P hiladelphia. I le a rn t a g re a t deal o f w h at I know o f th e subject during th a t course, a n d I am p a rtic u la rly in d eb te d to D r M auchly, D r E c k e rt a n d D r Sharpless.
The ED SA C will be a purely serial m achine w orking in th e scale of 2. I n its first form it will have a m em ory capacity for 512 num bers each w ith 10 decim al digits. T here will be facilities for using some or all of th is capacity for 5-decimal num bers, tw o 5-decim al num bers being accom m odated in th e space required for one 10-decim al num ber. P a r t of th is capacity m u st be reserved for orders each of which tak e s up th e sam e space as a 5-decim al num ber. This size of m em ory should be sufficient to enable a s ta r t to be m ade on th e applications we have in m ind; it can be ad d ed to la te r as need arises.
T he m em ory is th e h e a rt of a high-speed calculating m achine, a n d a num ber of different system s, depending on different physical principles, are now being d e veloped. A t th e end of 1946, however, th e only system w hich depended on a sufficiently w ell-established principle to be ad o p ted w ith confidence as th e basis of a p ractical m achine was one which m ade use of an ultrasonic delay device. A sim ilar ty p e of m em ory is being used in th e EDVAC, a m achine under construction in th e Moore School, although th e developm ent w ork has been carried o u t independently for th e tw o projects.
The principle of th e ultrasonic delay storage system is shown in figure 8 . The delay u n it itself consists of a tu b e filled w ith m ercury. T he ends are closed by m eans of tw o sim ilar X -c u t q u artz crystals. E lectric pulses applied to one of th e crystals give rise to ultrasonic pulses w hich tra v e l thro u g h th e m ercury w ith th e velocity of sound. W hen th e y reach th e fa r end o f th e tu b e th ey are reconverted b y th e second crystal in to electric pulses. The length o f th e m ercury colum n varies from a few centim etres to a m etre or m ore according to th e delay tim e required. I n th e arrangem ent shown in th e diagram th e pulses em erging from the delay u n it are amplified and ro u ted back to th e in p u t. T hey th u s circulate indefinitely and are available when required. I n order to p rev en t successive deterioration of th e pulses it is necessary to restore th em to a sta n d a rd size a n d shape each tim e th ey emerge from th e delay unit. This is done in effect by replacing them w ith new pulses-known as clock pulses-from a continuously running pulse generator, th e o u tp u t of which is connected to th e in p u t o f th e d e la y u n it th ro u g h a n electronic sw itch or 'g a te ' circuit. T he g ate is no rm ally closed a n d is only opened w hen a pulse ap p ears a t th e am plifier o u tp u t. A clock pulse th u s passes in to th e delay u n it w henever a pulse em erges from th e o th e r e n d o f th e d elay u n it, b u t n o t otherw ise. I t will be seen t h a t th is is e q u iv alen t to a continuous circu latio n o f pulses.
F ig u re 9 is a sim plified schem atic diag ram o f th e whole m achine. T he m em ory contains th irty -tw o u ltra so n ic delay tu b e s each capable o f holding th e e q u iv a len t o f sixteen 10-decim al num bers. T ra n sfe r of n u m b ers to a n d from th e o u tp u t a n d in p u t m echanism , or to a n d from th e co m puter, is effected b y su ita b le signals passed from th e control u n it to th e u n its concerned. P a r t o f th e c o m p u te r is m ark e d 'a c c u m u la to r', a n d m a y b e reg a rd e d as analogous to th e p ro d u c t reg ister of an o rd in a ry calculating m ac h in e ; it is used for a c cu m u la tin g to ta ls a n d sum s o f p ro d u cts. T here are also registers, n o t show n se p a ra te ly in th e diagram , for holding th e m u ltiplier a n d m u ltip lic a n d d u rin g th e o p eratio n o f m u ltip licatio n . A sm all a m o u n t o f storage ca p ac ity is th u s re q u ired in th e co m p u ter as d istin c t from th e m ain m em ory.
T he actio n o f th e m achine m a y be m ade clearer b y th e following e x tra c t from th e ord er code:
A n Add number in memory position n into accumulator.
S n
Subtract number in memory position n from accumulator.
H n
Transfer number in memory position n to multiplier register.
V n M ultiply number in memory, position n by number in multiplier register and add result into accumulator.
T n
Transfer number in accumulator to memory position n and clear accumulator.
E n I f number in accumulator is positive (or zero) execute next the order which stands in memory position n; otherwise proceed serially.
Suppose, for exam ple, t h a t i t is desired to ta k e tw o nu m b ers from th e m em ory, a d d th em to g eth er, a n d place th e re su lt in som e specified place in th e m em ory. T hree sep arate orders are required. F irs t th e tw o num bers are called o u t o f th e m em ory one a fte r th e o th er b y m eans o f A orders. T he sum is th e n to be found in th e accu m u lato r (w hich it is assum ed was cleared before th e operatio n began) a n d a T order is neces s a ry to tra n sfe r it to th e given position in th e m em ory.
T he E order is th e conditional tra n sfe r order w hich enables th e fu tu re course of a c tio n of th e m achine to be m ade d ep en d en t on th e results o f earlier calculations. A p a rt from th is orders arp executed serially in th e order in w hich th e y s ta n d in th e m em ory. Figure 10 , p late 12, is a p h o to g rap h o f a group o f sh o rt ultrasonic delay u n its o f th e k in d used for storing single num bers in th e com puter. T he m ercu ry colum n in th e sh o rtest u n its is a b o u t 10 cm. long. F igure 11, p late 12, is a p h o to g ra p h o f a b a tte ry of sixteen tubes, each capable of holding sixteen 10-decimal num bers. T he overall length is a b o u t 2 m . T he m ain m em ory of th e E D S AC as a t p resen t p lan n ed consists o f tw o such batteries, each w ith tw o racks of associated electronic equipm ent; p a rts o f these can be seen in th e photograph. 
Speed of operation
I t is found th a t a m achine w hich realizes in some degree th e speed and flexibility m ade possible b y electronic m ethods is large an d complex. The technical difficulties in building it are g reatly increased if th e highest possible speed of. operation is required. I n view o f th e fact th a t speeds n a tu ra lly obtainable b y electronic m ethods are so far in advance of an y th in g otherw ise possible I do n o t consider th a t th e tim e has y e t come to tr y to achieve th e highest possible speed. I n a n y case, purely on engineering grounds, I believe thsyt th e construction o f a m achine in w hich no such a tte m p t is m ade is an essential prelim inary to th e la te r construction of a m ore am bitious m achine. R efinem ents and com plications, b o th those introduced to give higher speed a n d those introduced to m ake operation m ore simple, should, I th in k , be left for la te r m achines.
T he ED SA C will perform arith m etic operations-m ultiplications, subtractions, additions-a t a ra te of a b o u t 15,000 per m in. In m aking this estim ate it is assum ed th a t 25 % of th e operations are m ultiplications. The speed o f th e ED SAC will th ere fore be several th o u san d tim es th a t of a hum an com puter equipped w ith a desk m achine. This will be quite adequate to enable us to m ake, if all goes well, su b stan tial progress w ith th e ty p e of problem I have referred to. I t is, however, of in terest to see w h at th e possibilities are for achieving higher speeds o f operation in fu tu re m achines. A b o u t tw o -th ird s o f th e E D SA C o p eratin g tim e will be sp e n t in w aiting for n u m b ers to com e o u t o f th e m em ory, so t h a t if a n in sta n ta n e o u s m em ory (w orking w ith th e sam e pulse length) w ere availab le a n increase b y a fa c to r o f 3 could be o b tain e d . T h e use o f sh o rte r pulses-tech n ically possible th o u g h n o t easy-could give a n o th e r fa c to r o f 3.
W ith m em ories o f th e in sta n ta n e o u s ty p e ; higher speeds could be o b tain e d b y parallel o p eration. A c tu a l speeds w ould dep en d on v arious facto rs, a n d I will only m en tio n a figure w hich seem s to m e to rep re sen t a n u p p e r lim it for a n electronic m achine w ith one a rith m e tic u n it using co nventional tu b e s a n d circuits, nam ely 6 x 10$ operations p e r m in u te, or 450 tim es th e speed o f th e ED SA C . I th in k it will be som e tim e before th is figure is a tta in e d .
T h e good progress m ad e w ith th e co n stru ctio n o f th e ED SA C h as been largely due to th e en th u siasm o f m y te a m a n d I w ould m en tio n in p a rtic u la r M r W . R enw ick. I w ould like to th a n k M r T . G old for m u ch advice on th e design a n d h an dling o f u ltraso n ic delay u n its a n d fo r help in assem bling th e b a tte rie s.
A CATHODE-RAY TUBE DIGIT STORE B y F . C. Williams
Basic 'principle
T he basic principle lies in th e fa c t t h a t w hen a beam o f c ath o d e ray s strik es an insu latin g surface capable o f seco n d ary em ission, th e p o te n tia l o f th e sp o t b o m b a rd e d is m odified rela tiv e to th e p o te n tia l o f a d ja c e n t spots. T his phenom enon is also used in v arious television cam eras such as th e Iconoscope a n d E m itro n . T he ex p erim en tal fa c t t h a t th e p h enom enon is m easurable in o rd in a ry c ath o d e-ray tu b es as well as in special cam era tu b e s w as discovered a t th e R a d ia tio n L a b o ra to ry , B oston, M ass., d uring th e w ar. T h e e q u ip m en t necessary to d e m o n stra te th e effect is show n in figure 12. A discussion on computing machines 279 capacity pick up plate deflexion deflexion ,J==.
output amplifier A ny change in th e p o te n tia l d istrib u tio n on th e in n er surface o f th e c.r.t. screen due to electron b o m b ard m en t influences th e p o te n tia l o f th e e x te rn a l p ickup p la te b y capacitance coupling a n d gives rise to a signal a t th e o u tp u t term in a l o f th e am plifier. Since th e coupling is c ap acitativ e, th ese signals depend on th e e x te n t to
